INTRODUCTION
Ribonucleotide reductase is an essential enzyme in all living organisms, including bacteria, viruses and mammals. It provides the cell with the correct concentrations of deoxyribonucleotides required for DNA synthesis [1] . In Escherichia coli, in herpes simplex viruses (HSV) and in mammals, the enzyme consists of a 1: 1 complex of two non-identical homodimer subunits, named RI and R2 [2, 3] . Protein R2 contains one binuclear non-haem iron centre and a stable tyrosyl radical within each polypeptide chain [2, 3] .
The iron centre is essential during the process of posttranslational activation of protein R2, i.e. the generation of a free radical at a specific tyrosine position. On the other hand, the tyrosyl radical is absolutely necessary for ribonucleotide reduction. Hydroxyurea is an excellent scavenger of this protein radical and therefore a good inhibitor of ribonucleotide reductase and DNA synthesis [2] . It is actually used as an anticancer drug in clinics. Studies on the inhibition of E. coli reductase by other radical scavengers in vitro, such as hydroxamic acids, hydroxylamines and hydrazines, have shown that the rates of electron transfer to the tyrosyl radical were controlled by the steric hindrance and the hydrophobicity of the inhibitors [5, 6] .
The current information on the structure and the chemical reactivity of the redox centres of protein R2 essentially relies on studies on E. coli reductase. The three-dimensional structure of E. coli protein R2 crystals has been recently determined by X-ray diffraction and provides a great source of information concerning the chemical environment of the iron-radical site [4] Here we present a systematic comparison of recombinant E. coli and HSV proteins R2 in terms of the reactivity of their tyrosyl radical and their iron centres towards electron donors, hydroxamic acids, phenols and catechols. This may be useful for improving our understanding of the topology of the viral active site.
MATERIALS AND METHODS Materials
The hydroxamic acids were generously given by I. Kjoller Larsen (Royal Danish School of Pharmacy, Copenhagen, Denmark). Diphenoquinones [8] and vitamin E analogues [9] were prepared as previously described. Stock solutions of hydrophobic organic compounds were prepared in dimethyl sulphoxide (DMSO). Protein R2 from E. coli was purified from overproducing strains E. coli [10] . E. coli apoR2 was prepared by treatment of protein R2 with 8-hydroxyquinolinesulphonate [11] . E. coli metR2 was prepared from R2 by treatment with hydroxyurea [12] . HSV type 2 
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Tris/HCl buffer, pH 7.5, in an Eppendorf tube at 4 'C. Just after the addition of a small volume of the radical scavenger solution (final concentration of DMSO < 1 %), the contents of the Eppendorf tube were vortex-mixed and immediately transferred to an e.p.r. tube. Incubation was carried out in the e.p.r. tube at 37 'C and was stopped at time intervals by freezing the sample at liquid-N2 temperature. Preparations of bacterial and viral R2 were stable during freezing and thawing. First-derivative e.p.r. spectra were recorded on a Varian E102 spectrometer. The loss of the radical was quantified from the amplitude of the g = 2.00 signal. The microwave power was set at 10 mW for E. coli R2 and 20 mW for HSV R2.
Light-absorption spectra
These were recorded on a UVIKON 930 spectrophotometer. The spectroscopic cuvette was first filled with 1 ml of 0.1 M Tris/HCl buffer containing the reductant. The optical spectrum of the solution was recorded and stored in the spectrophotometer memory for subtraction from all subsequent spectra. The reaction was started by addition of a small volume of protein R2 solution (1-2 mg/ml final concn.), and optical spectra were recorded at time intervals. Some experiments were carried out under anaerobic conditions in spectroscopic cuvettes capped with a rubber septum and deaerated by flushing for 2 h with argon. Addition of deaerated solutions of protein R2 and scavengers were made through the septum with gas-tight syringes that had been thoroughly washed with deoxygenated water.
RESULTS

Reduction of the tyrosyl radical by hydroxamic acids and phenols
The reduction of the tyrosyl radical of E. coli or HSV protein R2 by hydroxamic acids and phenols was monitored by e.p.r. spectroscopy (Tables 1 and 2 ). Indeed, the amount of radical can be easily determined from the amplitude of its characteristic e.p.r. signal at g = 2.00 at liquid-N2 temperature. As shown in Table 1 , the reactivity of substituted hydroxamic acids greatly decreased with increased steric hindrance. This was much less pronounced during reduction of the HSV R2 radical. On the other hand, the E. coli R2 radical was relatively more sensitive to phenyl-substituted hydroxamic acids than the HSV R2 radical ( Table 1) . As an example, the phenyl derivative was more active than the ethyl derivative with respect to the E. coli radical, but not to the HSV radical. Experiments with phenols (Table 2) again demonstrated a large difference between the two proteins. While phenols reacted with the radical of E. coli protein R2 in the order: 2,4,6-trimethylphenol > 2,6-dimethylphenol > phenol > 4-acetylaminophenol (paracetamol), the reverse order was obtained during reaction with the radical of HSV R2 (Table 2) . Vitamin E analogues, previously described as excellent radicalscavenger phenols [9] , were poor inhibitors of the bacterial and viral enzyme (results not shown). Catechol is much more active than phenol. Quercetin, a natural flavonoid catechol, was found to be a good inhibitor of HSV R2.
R2-dependent oxidation of substituted phenols to quinones
The reaction of E. coli protein R2 with radical scavengers can also be monitored spectrophotometrically, since the protein R2 u.v.-visible spectrum contains absorption bands characteristic of the diferric complex and the tyrosyl radical, at 360-370 nm and 410 nm respectively (Figure 1, spectrum 1) . Figure 1 shows the u.v.-visible spectrum of the incubation mixture containing 1 mg/ml protein R2 and 10 mM 2,6-dimethylphenol in 0.1 M Tris buffer, pH 7.5, under aerobic conditions. We observed that the disappearance of the 410 nm peak, which proved the quick scavenging of the tyrosyl radical, was paralleled with the appearance of a new absorption band at 420 nm. The shape of this Table 1 Reactivity of substituted hydroxamic acids (RCONHOH) towards the tyrosyl radical of protein R2
Assays were carried out as described in the Materials and methods section. The relative e.p.r. amplitude varies from 100 (no scavenging of the radical) to 0 (total scavenging of the radical).
The concentration of radical scavengers was 1 mM and the incubation time was 20 min (E colO or 10 min (HSV). Wavelength (nm) Figure 1 Reaction of E. coli protein R2 with 2,6-dimethylphenol R2 (1 mg/ml) was incubated with 10 mM 2,6-dimethylphenol under aerobic conditions. The light absorption spectrum was recorded after 30 s (1), 10 min (2) and 20 min (3).
A 0.05 500 Wavelength (nm) Figure 2 Reaction of E. coli protein R2 with catechol Protein R2 (2 mg/ml) was incubated with 1 mM catechol at pH 7.5, under anaerobic conditions. The light-absorption spectrum of the reaction mixture was recorded after 30 s (1), 10 min (2), 30 min or 2 h (3). The inset shows the spectrum after 3 h incubation of E coli protein R2 with 10 mM catechol at pH 8.8. Wavelength (nm) Figure 3 ReactIon of HSV protein R2 with catechol
The reaction was carried out under conditions described in Figure 2 . The light-absorption spectrum of the reaction mixture was recorded after 0 s (1), 30 s (2), 5 min or 2 h (3).
band and the absorption wavelength are identical with those of an authentic sample of 3,5,3',5'-tetramethyldiphenoquinone, a well-known oxidation product of 2,6-dimethylphenol [8] . coli R2, but had no effect on the iron centre ( Figure 2 ). The limited loss of absorbance at 370 nm observed in Figure 2 is related to the reduction of the radical. It is actually well known that the tyrosyl radical has a small contribution to protein R2 spectrum at 370 nm [11] . When the reaction was carried out at alkaline pH and in the presence of higher concentrations of catechol, the 370 nm band, characteristic of the diferric site, gradually disappeared, while at the same time a new band centred at 490 nm appeared, indicating the formation of an iron-catecholate complex (inset to Figure 2 The reaction of HSV protein R2 with 1 mM catechol, at pH 7.5, was found to result in the rapid and simultaneous reduction of the tyrosyl radical and the mobilization of the iron centre. This was shown from the parallel loss of the 370 nm band and the 410 nm peak and from the appearance of a broad absorption band at 585 nm, characteristic of the iron-catecholate complex (Figure 3) . DISCUSSION E. coli protein R2 has been recently crystallized and its threedimensional structure determined by X-ray diffraction [4] . It showed that the tyrosyl radical is deeply buried in the interior of the protein, at 1-2 nm (10-12 A) from the closest protein surface. Moreover, the radical is located in a very hydrophobic pocket consisting of conserved phenylalanine and isoleucine residues. These structural characteristics explain why the reduction of the tyrosyl radical by hydroxamic acids, studied previously [6] and in the present paper, is mainly controlled by steric hindrance (Table  1) . On the other hand, the very hydrophobic environment of the radical might explain why di-or tri-methylated phenols were found to be more active than phenol. The increased steric hindrance provided by the methyl groups in o-and p-positions might be compensated for by the increased reducing power and hydrophobic character of the compound. The presence of amino acids such as phenylalanine in the radical site may also explain why phenylhydroxamic acid was more active than ethylhydroxamic acid. Such an observation is consistent with recent results showing that phenylhydrazine was a better scavenger of the bacterial radical than were methylhydrazine or hydrazine [5] .
Such studies may be useful for defining optimal structures for new anti-(ribonucleotide reductase) and thus anticancer or antiviral agents. However, all our results clearly show that the reactivity of the HSV radical greatly contrasts with that of the bacterial radical. First, the HSV tyrosyl radical is more reactive than the E. coli radical, suggesting it is less buried in the interior of the protein. Second 
